The effect of ultrasonic irradiation on the dissociation of antigen-antibody complexes was studied. Among three frequencies tested, 28 kHz ultrasound gave a relatively high percent dissociation with the lowest decrease of immune reactivity. When dissolved antigen-antibody complexes were exposed to the ultrasonic irradiation no dissociation was observed, while antigenantibody complexes were significantly dissociated by ultrasound when the antibodies had been immobilized on CH-Sepharose 4B. The immune reactivity of immobilized antibody decreased by 8% during irradiation with 28 kHz ultrasound (0.83 W/cm2) for 20 min but no further decrease was observed after another 70 min of sonication. No degradation of antibody was observed after exposure to the ultrasound for 120 min. The dissociating effect of the ultrasound was applied to a homogeneous enzyme immunoassay system with the use of EMIT digoxin assay and anti-digoxin antibody-immobilized CH-Sepharose 4B gel. It was found that the change of absorbance at 340 nm increased with the concentration of non-labeled antigen in the presence of ultrasound. The feasibility of repeated application of immobilized antibodies in conjunction with ultrasonic dissociation as an immunosensor system is discussed.
Much effort has been exerted during the last 10 years to develop high sensitive, specific, convenient and rapid enzyme immunoassay systems. The recent application of enzyme immunoelectrodes which convert chemical changes directly into electrical signals (i.e. enzyme immunosensor,1 -3) drugsensor,4,5) and amperometric homogeneous immunoassay6,7) for the analysis of clinically and physiologically important substances in biological fluids has resulted in specific and simple assays. However, it is difficult to utilize this method for in vivo measurement. In order to measure drug concentration continuously with the use of an enzyme immunosensor, it is necessary either to supply antibodies from outside the system or to use the same antibodies repeatedly. In in vivo measurement it appears difficult to supply new antibodies to the sensor system. Thus, we have attempted to utilize ultrasonic irradiation to dissociate antigen-antibody complexes.
It has been demonstrated that mass transport of the substrate or product in an immobilized enzyme system is accelerated in the presence of ultrasonic irradiation (frequencies greater than 20 kHz).8 -10) Chetverikova et al. 11 ) have shown that therapeutic intensities of continuous wave of 0.88 MHz ultrasound had no detectable direct effect on the reaction rates of purified enzymes. The effect of 1.2 MHz ultrasound on deoxyribonucleic acid (DNA) synthesis has also been reported by Kondo 
Materials
Digoxin and glucose-6-phosphate dehydrogenase (G-6-PDH) from Leuconostoc mesenteroides were obtained from Sigma Chemicals Co. (St. Louis, MO), and bovine serum albumin (BSA) was from Armour Pharmaceutical Co. (Phoenix, Ariz.). Sodium laurylsulfate (SDS), 1-ethyl-3-(3-dimethylaminopropyl)carboidiimide hydrochloride (EDC), acrylamide, N,N'-methylenebisacrylamide, Coomassie brilliant blue and diethylaminoethyl (DEAE)-cellulose were purchased from Nakarai Chemicals, Ltd. (Kyoto). Complete Freund's adjuvant was a Product of Iatron Laboratories (Tokyo) and bromonhenol blue was from Kanto Chemicals Co. (Tokyo).Sepharose 4B and Sephadex G-50 were obtained from Pharmacia Fine Chemicals AB(Uppsala,Sweden),and [3H(G)]-digoxin (22 Ci/mmol) from NEN Research Products (Boston, MA). Soluene-350 and Scintisol EX-H were obtained from Pachard-Becker B.V. Chemical Operations (The Netherlands) and Dojindo Laboratories (Kumamoto, Japan), respectively. EMIT digoxin assay batch reagents were obtained from Syva (Palo Alto, CA). Other chemicals used were commercial products of high purity and all operations utilized freshly redistilled water.
Apparatus Three types of sonicator (Sun Electronics, Tokyo, SC-20A; Kaijo Electric, Tokyo, TA-4021; Ito Ultrasonic, Tokyo, KUS-2) were used to provide ultrasound at 28 kHz, 420 kHz and 1 MHz, respectively. Input wattage was measured with a high-frequency wattmeter (Toa Electronics Ltd., OP-1RA). Sound pressure and frequency were measured with an NTK ultrasonic meter (UTK-30). Samples were sonicated in a bath thermostated at 5-6 °C with a Lauda K2RD temperature controller.
Preparation of Anti-digoxin Immunoglobulin G (IgG) Digoxin-BSA conjugates were prepared according to the method of Butler and Chen.') Digoxin (50 mg) was dissolved in 12.5 ml of absolute ethanol-dioxane mixture (ethanol : dioxane= 4 : 1) and 7.5 ml of 0.05 M sodium metaperiodate was added. The mixture was allowed to stand in the dark at 4 °C for 20 min. The reaction was terminated by adding 0.68 ml of 1 M ethylene glycol. BSA solution (2.5 ml; concentration, 8 mg/ml) was added and the pH of the mixture was adjusted to 9.3 with 5% K2CO3. The mixture was incubated at room temperature for 1 h, then 150 mg of sodium borohydride was added, and the mixture was allowed to stand for 24 h. The pH of the solution was adjusted to 5.5 by adding about 5.4 ml of 1 M formic acid. After 1 h, 1.5 ml of 1 M NH4OH was added to raise the pH to 8.5 and the mixture was dialyzed overnight against distilled water. The pH was lowered to 4.8 by addition of 0.1 N HC1. The suspension was allowed to stand at 4 °C for 4 h, then centrifuged for 1 h at 1000 g. The precipitate was dissolved in 0.15 M carbonate buffer and this solution was dialyzed for 5 d against distilled water, lyophilized and stored at -20 °C. The digoxin-BSA conjugate in 83% H2SO4 had absorption maxima at 388 and 465 nm. From the absorbance at 388 nm, we estimated that 4.6 digoxin residues were conjugated per BSA molecule. Two female New Zealand White rabbits were immunized with the digoxin-BSA conjugate. A saline solution of the conjugate (1 mg/ml) was mixed with 1 ml of complete Freund's adjuvant and 1.5 ml of this suspension was injected subcutaneously into the pads and at sites on the back. Rabbits were immunized once a week for the first three weeks and thereafter once every 2 weeks. Antisera were collected separately from the two rabbits by 6 months after the initial immunization. The IgG fraction of anti-digoxin antiserum was separated by precipitation with 40% saturated (NH4)2SO4 followed by purification on a DEAE cellulose column (2 x 45 cm) with 0.1 M Tris-phosphate buffer (DH 8.5). The nonadsorbed fractions were pooled, lyophilized and stored at -20 °C.
Immobilization of Antibodies The antibodies were immobilized on CH-Sepharose 4B according to the instructions of Pharmacia. CH-Sepharose 4B (2.5 g) was washed with 0.5 M NaC1 solution, then equilibrated with 0.1 M phosphate-HC1 buffer (pH 5.5). The gel was incubated with 150 mg of EDC in 5 ml of 0.1 M phosphate-HC1 buffer (pH 5.5) at room temperature for 30 min, then 5 mg of anti-digoxin. IgG dissolved in 5 ml of the same buffer was added. The mixture was stirred overnight with an end-over-end type rotator at 25 rpm. After the reaction had been completed, the gel was washed thoroughly with 10 mm phosphate buffer (pH 7.0) containing 0.1% sodium azide and stored at 4 °C. The amount of immobilized antibody on the CH-Sepharose 4B was determined by an radio immunoassay (RIA) using 3H-digoxin. The anti-digoxin IgG-bound CH-Sepharose 4B was incubated overnight with excess 3H-digoxin at 4 °C and washed thoroughly with 0.2M Gly-HCl buffer (pH 3.3) and 10 mm phosphate buffer (pH 7.0) alternately. The gel (0.5 ml) was poured into a glass tube to make a column (0.5 x 2.55 cm). The 3H-digoxin was eluted with 0.2 M Gly-HC1 buffer (pH 2.2) and measured in a liquid scintillation counter (Aloka LSC-673).
Dissociation of Antigen-Antibody Complexes A digoxin solution (2.5 mg/650 til of a 4: 1 mixture of absolute ethanol and dioxane) was incubated with 3 mg of anti-digoxin IgG dissolved in 1.5 ml of 10 mm phosphate buffer (pH 7.0) at 4 °C overnight. The antigen-antibody complexes produced were separated from free antigen and antibody by gel filtration on a Sephadex G-50 column with 10 mm phosphate buffer (pH 7.0). The complex fraction (2 ml, Detection of the Change of Immune Reactivity Anti-digoxin IgG (1.2 mg) was dissolved in 50 ml of 0.1 M Tris-HC1 buffer (pH 7.0) and 2.0 ml of the IgG solution was sonicated for 5-90 min in a vial. The sonicated IgG solution (100 /21), 3H-digoxin (50d, about 50000 dpm), normal rabbit serum (100 pi) and the buffer (250 pi) were mixed in a vial and allowed to stand at 4 °C overnight. Then 500 pi of 50% saturated (NI-14)2SO4 was added, and the suspension formed was centrifuged at 3000 rpm for 30 min. The supernatant was carefully removed and 0.5 ml of Soluene-350 was added. The mixture was incubated at 50 °C for 2 h, and 6 ml of Scintisol was added. The radioactivity of antibody-bound 3H-digoxin was measured in a liquid scintillation counter. To detect the change of the immune reactivity of immobilized antibody, 0.5 ml of IgG-bound CH-Sepharose 4B was sonicated for 5-70 min and incubated with excess 3H-digoxin at 4 °C overnight. The gel was washed completely with 0.2 M Gly-HC1 buffer (pH 3.2) and 10 mm phosphate buffer (pH 7.0) alternately. The 3H-digoxin was eluted with 0.2 M Gly-HC1 buffer (pH 2.2) and the radioactivity was measured. Effect of Sonication on G-6-PDH Activity A G-6-PDH solution (2U/1m1) and a substrate solution which contained G-6-P (1.06 x 10 -3-1.06 x 10 -4mol/2 ml) and NAD (6.14 pmol) in buffer A were prepared. Either G-6-PDH solution or substrate solution was sonicated in a test tube at 5-6 °C for 10 min. The absorbance at 340 nm (Al) was measured immediately after addition of 10 pl of the G-6-PDH solution (0.02 U) to 2 ml of the substrate. After incubation at 30 °C for 20 min the absorbance at 340 nm (AF) was measured again and the difference between AF and Al was calculated.
Results

Effect of Frequency and Depth of Water
The effects of frequency of ultrasound on the dissociation of antigen-antibody complexes and on the immune reactivity were studied by using three types of sonicator operating at 28 kHz, 420 kHz and 1 MHz. Irradiation at 1 MHz (5 W/cm2) for 10 min dissociated about 12% of the antigen from immobilized antibody. On the other hand, irradiation at 420 and 28 kHz (0.83 W/cm2) for 10 min dissociated about 15% of the antigen. However, the immune reactivity decreased significantly when 420 kHz ultrasound was used. The temperature in the vial which contained CH-Sepharose 4B gel did not rise above 5 °C during sonication for 10 min. Thus, we used 28 kHz ultrasound in the subsequent investigation.
In bath-type sonication, the ultrasonic intensity is significantly affected by the depth of water in the bath. The relations between the input wattage (W/cm2), sound pressure (p.Pa), frequency (kHz) and the depth of water (cm) were studied using a 28 kHz sonicator (Sun Electronics, SC-20A). The largest input wattage (1.31 W/cm2) was obtained at 4 cm (1.04 W/cm2 at 6.5 cm and 0.83 W/cm2 at 6 cm). The intensity of sound pressure increased with depth in the order of 6, 8, 10, and 4 cm. The frequency was stable at 6, 8 and 10 cm but very unstable at 4 and 6.5 cm. Figure 1 shows the effect of depth of water on the percent dissociation of immobilized antigen-antibody complexes. Maximal values of percent dissociation were obtained at 4, 6 and 8 cm. The effect of depth of water on the immune reactivity of dissolved antibody is shown in Fig. 2 . As shown in Fig. 2 the decrease of immune reactivity was 8, 14.6 and 22.2% at 6, 4 and 8 cm, respectively, On the basis of these findings, we set the depth of water at 6 cm.
Effect of Sonication on the Dissociation of Antigen-Antibody Complexes
The effect of ultrasound irradiation (28 kHz, 0.83 W/cm2) on the dissociation of antigen The anti-digoxin IgG immobilized on CH-Sepharose 4B (0.5 ml; amount of immobilized IgG, 0.39 pmol/ml of gel) was incubated with excess 3H-digoxin at 4 °C overnight and the gel was washed completely. The antigen-antibody complexes were sonicated (28 kHz, 0.83 W/cm2) in the indicated depth of water for 10 min. A solution of anti-digoxin IgG (2 ml) was sonicated (28 kHz, 0.83 W/cm2) for 10 min (0) and the radioactivity of the solution (1041) was measured. The decrease of immune reactivity was estimated from the change of BIT (B, radioactivity of bound fraction; T, total radioactivity). Control (0) was unsonicated.
antibody complexes was first investigated by using dissolved antibodies. As shown in Fig. 3 To test the effect of ultrasound on the immune reactivity, we examined the change of BIT (B, radioactivity of bound fraction; T, total radioactivity) in the presence of sonication using 3H -labeled digoxin and immobilized digoxin-specific antibodies . Figure 4 shows the effect of sonication time on the immune reactivity of immobilized antibodies. The amount of immunologically intact antibodies decreased by about 8% during the initial 20 min, then leveled off and did not change for 70 min. The percent dissociation of antigen-antibody complexes exposed to 0.83 W/cm2 of ultrasound was 22% at 20 min (Fig. 3) , whereas the decrease of immune reactivity of immobilized antibody exposed to 0.83 W/cm2 of ultrasound for 20 min was 8% (Fig. 4) . From these findings it was confirmed that, although the immune reactivity of immobilized antibody is impaired to some extent in the presence of ultrasound, the antibody is still active even after the dissociation. The change in molecular weight of antibody in the presence of ultrasound was also investigated by SDS-polyacrylamide slab gel electrophoresis. No degradation of dissolved antibody was observed after exposure to 0.83 W/cm2 of ultrasound for times varying from 30 to 120 min.
Assessment of Assay Feasibility
We tried to apply the dissociating effect of ultrasound to an enzyme immunoassay system, by choosing a homogeneous EMIT assay. The effect of ultrasound on the enzyme activity of G-6-PDH was first investigated. Figure 5 shows Lineweaver-Burk plots of G-6- PDH activity when G-6-PDH or substrate solution was exposed to 0.83 W/cm2 of ultrasound for 10 min. The Km values calculated from the slopes were 5.02 x 10 -3m for the control, 5.61 x 10-3m for sonicated G-6-PDH and 3.95 x 10-3m for sonicated substrate and NAD. The V max values were 0.179 (absorbance/min) for the control, 0.200 for sonicated G-6-PDH and 0.131 for sonicated substrate and NAD. These findings suggest that there are no significant effects of ultrasound on the enzyme activity and substrate or NAD. Figure 6 shows the effect of sonication time on di4340 values. The 4A340 increased with increasing sonication time and leveled off at about 10 min. The value of die1340 without sonication was about 0.2, which was attributed to the excess amount of enzyme-labeled antigen existing in the solution. Thus, the sonication time was set at 10 min in the following Plots of G-6-PDH Activity Either G-6-PDH solution (2 U/ml, 0) or substrate solution (G-6-P and NAD, Q) was sonicated for 10 min. The absorbance at 340 nm was measured as described in Materials and Methods. The control (0) was unsonicated. Anti-digoxin IgG (1.74 pmol) immobilized on CHSepharose 4B (3 ml) was incubated with G-6-PDHlabeled digoxin (0.5 ml of reagent B). The antigenantibody complexes were sonicated (28 kHz; 0.83 W/cm2; depth of water, 6 cm) with 0.5 ml of digoxin solution (3.2 x 10'3 mol) for the indicated time. 1il340 was measured as described in Materials and Methods. The points represent averages of two measurements.
Fig. 7. Calibration Curve for Digoxin
Anti-digoxin IgG immobilized on CH-Sepharose 4B (3 ml) was incubated with G-6-PDH-labeled digoxin (0.5 ml of reagent B). The antigen-antibo'dy complexes were sonicated (28 kHz; 0.83 W/cm2; depth of water, 6 cm) with the indicated concentration of digoxin for 10 min (0). The control (0) was unsonicated. zIA340 was measured as described in Materials and Methods. The points represent averages of two measurements.
experiment. Figure 7 shows the change of z1A340 with various concentrations of digoxin in the presence or absence of ultrasound. In the absence of ultrasound, radiated z1A340 was con- Fig. 7 provide the basis for an enzyme immunoassay which utilizes dissociation of antigen-antibody complexes by sonication.
Discussion
In the present work we studied the effect of ultrasound on the dissociation of antigenantibody complexes. When dissolved antigen-antibody complexes were exposed to ultrasound, no dissociation was observed, while antigen-antibody complexes immobilized on CH-Sepharose 4B were significantly dissociated by the exposure. The percent dissociation increased with irradiation time and input wattage of the ultrasound. The oscillation of cavitation bubbles is known to cause hydrodynamic shearing stress.16) It is considered that the antigen-antibody complexes were dissociated by this shearing stress only when the antibodies were immobilized on CH-Sepharose 4B. Among the frequencies of ultrasound tested, 28 kHz gave a relatively high percent dissociation and the lowest decrease of immune reactivity. The immune reactivity of the immobilized antibody decreased by about 8% after 20 min of sonication but no further decrease was observed after another 70 min of sonication. No degradation of antibody was observed after exposure to the ultrasound (28 kHz, 0.83 W/cm2) for 120 min. The dissociating effect of the ultrasound was applied to a homogeneous enzyme immunoassay system using the EMIT assay, and it was found that the increase of 4A340 was parallel with that of the concentration of non-labeled antigen in the presence of ultrasound.
To investigate the possibility of repeated use of the same immobilized antibodies in the homogeneous enzyme immunoassay with the use of ultrasound dissociation, we tried to calculate a standard curve for unlabeled digoxin to be measured. In the following consideration, it is assumed that the amount of enzyme-labeled antigen is twice the amount of antibody (N) since IgG is used as antibody, and that there is no difference between enzymelabeled antigen and non-labeled antigen with respect to diffusion and binding processes. If the amount of enzyme-labeled antigen in the system is constant at every measurement (2N) and free non-labeled antigen is eliminated by dialysis after each measurement, the following equations may be written for the amount of bound enzyme-labeled antigen (An) and the amount of bound non-labeled antigen (Bn) at the n-th measurement, respectively.
(1) (2) where X is the percent dissociation and M nm is the amount of nonlabeled antigen to be assayed. Thus An can be calculated by using the amount of bound enzyme-labeled antigen (An-1) and the amount of bound non-labeled antigen (Bn-1) from the n-1 th measurement. The amount of free enzyme-labeled antigen at the n-th measurement is: (3) Assuming that one antigen molecule is conjugated per one enzyme molecule, then Fn is equal to the amount of enzyme (En) in the solution. Since the enzyme is deactivated when the enzyme-labeled antigen binds with antibody, the change of absorbance (zIAn milliabsorbance unit/min) is proportional to the amount of free enzyme-labeled antigen: (4) where K1 is a proportionality constant. Therefore, if K1 is known, Bn_, may be calculated from the value of An-1, and Bn from the value of dAn by using Eq. 4. Accordingly, Mnm can be estimated from Eq. 2. In the EMIT assay the relation between the change of absorbance at 340 nm in 30 min (4A/30, milliabsorbance unit/30 min) and the amount of non-labeled antigen (M) is expressed as follows: (5) where N is the amount of antibody (2N> Al), Y is the amount of enzyme-labeled antigen and K2 is a proportionality constant. The term Y-(2N-M) ih Eq. 5 is equal to E. Rearrangement of Eq. 4 yields: zIA/30 = K2( Y -2N) + K2M. Therefore, the proportionality constant K2 can be readily calculated from the slope of the straight line plot of dA/30 versus M. From the standard curve of the EMIT digoxin assay batch used in our experiment K2 was calculated to be 1.95 x 1014 mol 1, hence, K1 was 6.51 x 1012 mol. -1 Figure 8 shows observed values of zi A2 at indicated concentrations of digoxin when 4A1 was observed to be 0.20 before each measurement. Calculated curves for z1A2 assuming that Xis equal to 14 or 25 are also shown in Fig. 8 , when 1.2 x 10 -12 mol of antibody was used. These curves were generated using Eqs. 2 and 4. When it is assumed that X is equal to 25, the calculated curve is in approximate agreement with the observed values. However, the observed % dissociation was about 14 as shown in Fig. 3 . This discrepancy may be explained as follows. In our assay system digoxin competes with enzyme-labeled digoxin for the binding site of the antibody during or after irradiation with ultrasound. Equations 1 and 2 are derived assuming that there is no differrence in the diffusion process between enzyme-labeled digoxin and non-labeled digoxin. However, it is considered that the diffusion coefficient of non-labeled digoxin is larger than that of enzyme-labeled digoxin17) and non-labeled digoxin binds predominantly to immobilized antibody. Consequently, the amount of free enzyme-labeled digoxin which can be observed may exceed the calculated values. The other possible explanation for the discrepancy is that the enzyme G-6-PDH exists as a dimer." '19) In the case that immobilized antibodies are used, even if the enzyme-labeled antigen binds to the antibody, the other active site of the enzyme will not be inhibited because of the immobilization of the antibodies. In this case, a larger AAnvalue may be observed than the calculated value. The number of antigen molecules conjugated to an enzyme molecule is another problem. If the number is not equal to one, then The AA, was observed to be 0.20 before each measurement of AA, at the indicated concentration of digoxin. Calculated values for 4A2 were generated using Eqs. 2 and 4 assuming that X is equal to 14 (dotted line) or 25 (solid line). dA2/min was measured as described in Materials and Methods. The points represent averages of two measurements. 
